Abstract: A cubic-receiver-based indoor optical wireless location system is proposed in this paper. The cubic receiver arranging five photodiodes (PDs) as a cubic structure is used as photodetector to measure the angles of arrival (AOAs) of the incident light from multiple light-emitting diodes. Due to the cubic structure, the AOA has a simple relationship with the differential received photocurrents; hence, the AOA can be conveniently obtained by measuring the differential received photocurrents of five PDs. This system is shown to have several advantages, such as wide field of view (FOV), low algorithm complexity, and high accuracy. The system performance is numerically simulated, and the experiment shows that a mean positioning error of 3.3 cm can be achieved.
Introduction
The sustained growth of the requirement of indoor positioning has been witnessed over the past few decades, and a series of wireless indoor positioning systems have been carried out [1] . With the rapid development of optical wireless communications [2] , optical wireless location (OWL) system has attracted a lot of interest [3] - [8] due to their advantages of high accuracy, simplified facility, and no electromagnetic (EM) interference.
OWL systems can be generalized into two categories: image sensor based positioning and photodiode (PD) based positioning. The image sensor based positioning systems make use of imaging elements, such as cameras, to facilitate triangulation algorithm and achieve highaccuracy positioning [4] . However, such systems have complex facility and their performances are limited by the narrow field of view (FOV). PD based positioning systems have been realized mainly based on the optical time difference of arrival (TDOA) algorithm, the optical received signal strength (RSS) algorithm, or the optical angle of arrival (AOA) algorithm. Optical TDOA systems can achieve high-accuracy positioning, but their major drawbacks are the high cost and hardware complexity due to the timing and clock synchronization among transmitters [5] . Optical RSS systems have the advantages of simplified facility and low cost, but they usually suffer from low accuracy because of the great sensitivity to optical power disturbance [6] . To avoid complex hardware and the sensitivity to disturbances, optical AOA systems have been studied and proposed [7] , [8] . Multiple PDs are used as a receiver to measure the incident light AOA, which means the angle vector is made up of angles between the incident light and the orientations of PDs [9] , [10] . Arafa et al. [9] presents a differential photoreceiver which consists of three orthogonal silicon PDs, but the differential photocurrents of PDs have a complicated relationship with the AOA [11] , and the effective positioning area is limited by the narrow FOV.
In this paper, we propose a cubic receiver based indoor OWL system. The cubic receiver, which arranges five PDs as a cubic structure, is used as photodetector to measure incident light AOAs from multiple illumination LEDs by way of differential photocurrents, and the triangulation method is employed to calculate the position of the photodetector. In the proposed system, the relationship between the incident light AOA and the differential photocurrents of PDs is quite simplified due to the cubic structure of photodetector, which can lower the complexity of the positioning algorithm. Meanwhile, three orthogonal orientations of cubic PD can widen the FOV of the photodetector and expand the effective positioning area. Finally, an experiment is established to verify the performance of the proposed system.
System Implementation
The proposed system is described in Fig. 1 . Multiple illumination LEDs are used to transmit their LED-identifications (LED-IDs) which represent the position information of themselves to the receiver. In the receiver, the cubic receiver, which arranges five PDs as a cubic structure, is applied as photodetector to detect the light signal from LEDs and demodulate the position information of LEDs. In the meantime, it is used to obtain the incident light AOAs by measuring the differential received photocurrents of PDs. Then, the incident light AOAs from multiple LEDs can be used to estimate the position of photodetector through the proposed positioning algorithm, which will be described in detail in this section.
System Model
As shown in Fig. 1 , the system is applied to an indoor environment. Two illumination LEDs are installed on the ceiling and satisfy the requirement of lighting. The coordinates of them can be labeled asr 1 ¼ ðx 1 ; y 1 ; z 1 Þ T andr 2 ¼ ðx 2 ; y 2 ; z 2 Þ T , respectively. Each of them is assigned a unique LED-ID which represents the coordinate information of itself. The LED-IDs are transmitted from LEDs to the receiver by visible light communication (VLC) technique. To avoid the interference between different LEDs, time division multiple access (TDMA) is applied.
At the receiver, the cubic receiver which consists of five PDs arranged as a cubic structure is used as photodetector. As shown in Fig. 1 , the coordinate of photodetector can be labeled as r p ¼ ðx p ; y p ; z p Þ T , which is the terminal point P for positioning. The photodetector is used to detect and demodulate the light signal from LEDs and obtain the LED-IDs of corresponding LEDs. Using TDMA, the light signal from only one LED at a time can be received by photodetector, and space diversity gain can be extracted through five PDs. At the meantime, the photodetector can also measure the incident light AOA by way of differential photocurrents of PDs. Different incident light AOAs have different photocurrents distribution of five PDs in the photodetector.
The relationship between the AOA and different photocurrents is very simple in the proposed system because of the cubic structure. Once two or more incident light AOAs are obtained, the position of terminal point P would be calculated precisely by positioning algorithm.
AOA Measurement
Due to the cubic structure of photodetector, the incident light AOA is measured conveniently by means of the different photocurrents of PDs. In general, the illumination LED is modeled as Lambertian source and the optical wireless channel gain [12] , [13] is given as
where is the irradiance angle of LED, and is the incidence angle of PD. m; M are Lambertian parameters of LED and PD, respectively. A represents the active area of PD and d represents the distance between the LED and PD. To determine the value of Lambertian parameter M of the PD (FDS1010), the measurement experiment is carried out by measuring the incident light signal power at different incidence angles from −90°to 90°of one PD. The result suggests that the best fitting value of M is approximately equal to 2. Furthermore, it implies that the mean error between the real incidence angle and the fitting incidence angle is approximately equal to 1°, as shown in Fig. 2 . When the luminous power of LED is indicated by P L , the received optical power of PD can be expressed by P R ¼ P L Á G. Because the cubic receiver has three orthogonal PD orientations, the photodetector coordinate system described as u-v -m axes is established with the origin at the point P, which is shown in Fig. 1 . Thereby the unit direction vector of the incident light is just expressed byl ¼ ðl u ; l v ; l w Þ T [12] as follows:
where u ; v ; w represent the angles between the incident lightl and u; v ; w axis respectively, which make up of the incident light AOA. constant, which has different values for different incident lights; thus, it should be calculated in the positioning algorithm. It is remarkable that the incident light from one LED can be received by at most three PDs at the same time. In particular, for the two opposed PDs on the same axis, only one of them can receive the light at a time. Therefore, P Ru ; P Rv :P Rw can represent the received optical power of the corresponding PDs on the u; v ; w axis. As (2) 
Positioning Algorithm
As described above, the known coordinates of LED1 and LED2 are labeled asr 1 ¼ ðx 1 ; y 1 ; z 1 Þ T andr 2 ¼ ðx 2 ; y 2 ; z 2 Þ T , respectively, and the unknown position of photodetector is labeled as r p ¼ ðx p ; y p ; z p Þ T , which is the terminal point P for positioning. Especially in the photodetector coordinate system described as u-v-w axes, the coordinates of LED1 and LED2 can be rewritten bỹ
The coordinate transformation is described by the rotation matrix W , thus the equations are formed as follows:
In general, the direction vector of the incident light from LED1 is expressed byl 1 ¼ Às 1 , and if ðP Ru1 ; P Rv 1 ; P Rw 1 Þ, which represents the received optical power of corresponding PDs from LED1, are obtained, the equation could be formed as follows:
where C 1 is an unknown constant. The same procedure is easily adapted to obtain the equation ofs 2 and C 2 . It is notable from (3) and (4) that if two LEDs are used for the positioning purpose, the values of coordinates of LED1 ðx 1 ; y 1 ; z 1 Þ and LED2 ðx 2 ; y 2 ; z 2 Þ can be obtained by VLC technique, and the rotation matrix W should also be known, which is assumed to be unit matrix I or acquired from angular sensors. After that, there are six equations and five unknowns x p ; y p ; z p ; C 1 ; C 2 . This over-determined problem can be solved by least-square method. Nevertheless, if three or more LEDs are used, there is no need to know the value of W , and there are nine equations and nine unknowns, which can succeed to calculate the position of photodetector.
Simulation and Analysis
The simulation is launched to evaluate the error of incident light AOA and the performance of system. The error of incident light AOA is a major deterministic factor for positioning accuracy of the proposed system; thus, it is important to estimate the mean error of incident light AOA by simulation. First, the error of incident light AOA is numerical simulated, which is derived from the deviation of received photocurrents of PDs. In the simulation model, one LED as transmitter is located on the ceiling at the height of 50 cm, and the photodetector is moved around within the 50 Â 50 cm 2 area on the ground. From the knowledge of the previous section, the mean error of incidence angle for one PD is less than 1°. Therefore, when the photodetector is moved from −25 cm to 25 cm either x or y directions, the result of the mean error of incident light AOA is shown in Fig. 3 . The maximum error within the 50 Â 50 cm 2 area is less than 1.4°and the minimum error within the area is more than 1°. It is easy to find that the error is maximized when the photodetector is underneath the LED and the error decreases when the photodetector is away from the LED on the ground. Second, to evaluate the performance of system, we make some changes to the simulation model: two LEDs as transmitters are located on the ceiling and the photodetector is placed on the ground. The simulation parameters are summarized in Table 1 . There are two incident light AOAs from double LEDs to be used to estimate the position of photodetector. In the process, the positioning error is tested with the step of 0.5 cm along either x or y directions. When the angle error of incident light AOA is less than 1.4°, the maximum positioning error is less than 2.55 cm, and the minimum error is 2.18 cm, as shown in Fig. 4 . It is easy to find that the minimum positioning error appears at the center point between the two LEDs and the maximum error appears at the points of the farthest away from any LED.
Experiment Setup and Result
The experiment is established to verify the feasibility of the system and validate our theoretical analysis as shown in Fig. 5 . Two illumination LEDs as transmitters are installed at the height of 50 cm. Each LED has a maximum optical power of 1 W. Their interval of them 25 cm. The sinusoidal signal of 500 kHz generated from signal generator and direct current (DC) are loaded to LED through bias-Tee module. In the receiver, the cubic receiver as photodetector is shown in In the experiment, 36 estimated positions are set within the area of 25 Â 25 cm 2 , and the positioning results are shown in Fig. 6 . At each point, TDMA technique is applied to distinguish the light signals from different LEDs. The photocurrents of five PDs are obtained by means of root-mean-square (RMS) through oscilloscope respectively. To minimize the deviation of photocurrents of PDs, the multiple mean method is applied. After that, the incident light AOAs from two LEDs are obtained. The inclined angle and azimuth angle are assumed to be zero, hence the rotation matrix W is equal to unit matrix I. Then, the estimated position of photodetector can be calculated by our proposed positioning algorithm. The positioning error is defined by the Euclidean distance between the real position and the estimated position. The experimental results suggest that the maximum error of the proposed system is less than 5 cm, and the mean error is less than 3.3 cm. It is proved that the system satisfies the requirement of cm-level indoor positioning. In addition, Compared to the known optical AOA positioning system [8] , the FOV of photodetector becomes much wider, because the orientations of five PDs in the photodetector can cover the half of coordinate space. Furthermore, due to the much simpler relationship between incident light AOA and differential photocurrents of PDs, the complexity of positioning algorithm becomes much lower. 
Conclusion
In this paper, a cubic receiver based indoor OWL system is proposed by using optical AOA algorithm and demonstrated. The cubic PD is used to measure the incident light AOAs from multiple illumination LEDs by way of differential photocurrents of PDs. Theoretical analysis shows that compared with known optical AOA systems, the incident light AOA in our system has a much simpler relationship with the differential photocurrents due to the cubic structure, and the FOV of photodetector becomes much wider, which makes the effective positioning area larger. The high accuracy positioning can be realized by proposed algorithm. The numerical simulation shows that the mean error of incident light AOA is less than 1.4°, and the experiment indicates that the positioning accuracy of less than 3.3 cm can be achieved within the area of 25 Â 25 cm 2 when the LED is placed at the height of 0.5 m.
